The organic content of shale has become of commercial interest as a source of hydrocarbons. higher humidity tends to suppress the release of gases; additionally, we found that most of the 28 shale gas is released within the first 45 minutes after the shale has been fractured. These findings 29 suggest that other hydrocarbons
Hydraulic fracturing, commonly known as "fracking", is the process used to release and extract 14 hydrocarbons from shale formations. While commercial interest in shale exploitation is focused on 15 the extraction of methane and light alkanes, shale also contains significant amounts of non-16 methane hydrocarbons (NMHC). To date, there have not been studies characterizing the range and 17 quantities of NMHC released from fractured shale and the physio-chemical dynamics of the 18 fracturing process at petrological level is unknown. Here we describe the first real-time 19
observations of the release and evolution of NMHC from the fracturing of shale. Samples of shale, 20
extracted from the Bowland-Hodder formation in England, were fractured and analysed under 21 different conditions of temperature and humidity using mass spectrometric techniques. A wide 22 range of NMHC (alkanes, cycloalkanes, aromatics and bi-cyclic hydrocarbons) are released at 23 ppm/ppb level from fractured shale with temperature and humidity-dependent release rates. The 24 measured release rates of NMHC can be rationalised in terms of the physio-chemical 25 characteristics of the different hydrocarbons classes. Our results indicate that higher energy inputs 26 (i.e. higher temperatures) significantly increase the amounts of NMHC released from shale, while 27 higher humidity tends to suppress the release of gases; additionally, we found that most of the 28 shale gas is released within the first 45 minutes after the shale has been fractured. These findings 29
suggest that other hydrocarbons of commercial interest may be extracted from shale and open the 30 possibility to optimise the "fracking" process, using an NMHC fingerprint as a proxy of the 31 potential to improve gas yield and to reduce the environmental impacts. The growth of hydraulic fracturing in recent years has raised several concerns regarding its 49 environmental impact 1,2,3 ; however, most of the attention has been focused on the contamination 50 of ground and surface waters and on the potential to cause minor earthquakes 2,3 . The implications 51 of shale exploitation for air quality and climate change have not received much attention and a 52 detailed study of the gas release process during the fracture of the rock has yet to be done. 53 54
Emissions from oil and gas wells are well characterized 5,6,7,8 but natural gas reservoirs are distinctly 55 different from gas shales. Because of the nature of hydraulic fracturing, the release of gas from 56 shale is a dynamic process influenced by the amount of energy transmitted to the rock in the form 57 of changes to stress, pore pressure and temperature. We examine, for the first time, the pervasive 58 fracturing of a shale and present a real-time chemical analysis of the release of non-methane 59 hydrocarbon (NMHC) gases from a fractured shale. 60 61 Methodology 62 63
A shale specimen ( Figure 1 ) was collected from a part of the Bowland-Hodder formation in 64
Lancashire (north-western England), currently under consideration for commercial exploitation 4 .
65
The sample (average carbon, sulphur and water content 2.87%, 1.84% and 3.9% by weight, 66 respectively) was collected from freshly exposed outcrop material, but can be considered 67 representative of the shale at depth. Cores were carefully subsampled from the shale specimen 68
and analysed in the laboratory by mass spectrometry. The release of NMHC from a ~200 g shale sample (A4-6, see Table SI -1) was observed over a period 95 of 24 hours under different conditions. At first, the sample was uncrushed and kept at ambient 96 temperature (~23 ºC); after 6 hours, temperature was increased to ~75 ºC; finally, after 97 approximately 12 hours, the sample was crushed and observed again at high temperature (~80 ºC, 98 comparable to in situ values). The time-series for selected NMHC are shown in Figure 2 . The results 99
show that, if the shale is uncrushed at ambient temperature, very little NMHC are released. Raising 100 the temperature increases the release of NMHC by a factor of 5 to 10. When the rock is crushed, 101 NMHC release increases by an additional factor of 4 to 8, even after almost 12 hours spent at high 102 temperature. The observed behaviour indicates that most of the hydrocarbon mass is trapped 103 inside the shale and cannot be released simply by volatilization at high temperature (see Figure 1  104 and Supplementary Video).
106
The data in Figure 2 also show that the release rates of gases from an uncrushed shale above room 107 temperature slowly decrease with time, except for heavier aromatics (≥C 9 ), whose release rates are 108 almost constant. After the shale has been crushed the release rates of all NMHC show a sharp 109 decrease. The pattern of gas release post-crushing suggests that different NMHC are stored in the 110 shale and released from it by different mechanisms, depending on their mode of storage.
111
To better understand the dynamics of the gas release, several shale samples ( Figure 3 shows the time-series of selected compounds for a typical set of experiments. The 114 amount of gas released is higher (2-5 times) when the rock is crushed in dry air than when it is 115 crushed in humid air (50-60% RH); it is also much higher (~10 times) at high temperature (70-80 116 ºC) than at ambient temperature (23-25 ºC). Under all conditions, the maximum concentrations of 117 all NMHC were observed within 30-45 minutes after the rock had been crushed (Figure 3 ).
119
Analysis of the PTR-TOF-MS data using piecewise regression analysis suggests that the release of 120 gases from a shale occurs on two timescales (Figure 4) .: an initial "fast" release (1-5 s -1 ), during the 121 first 20-40 minutes after the shale has been crushed, followed by a secondary "slow" release (0.5-2 122 s -1 ), comparable to that from the uncrushed shale (Figure 2 ). It can be speculated that the initial 123 release involves gas stored in the nanometre-scale pores of the shale 16,17 , which is quickly released 124 when the shale is crushed. As Figure 4 shows, the initial release rates are typically faster for 125 alkanes, cycloalkanes and bi-cyclic hydrocarbons, which are more volatile than aromatics and thus 126 released promptly upon fracturing of the shale. The initial release of the more volatile NMHC is 127 faster at low temperature and high humidity, which may be caused by expansion of the clay 128 minerals owing to swelling under these conditions. 129 130
In contrast, the release rates of aromatics are very similar during both the initial and the secondary 131 release, suggesting that these species are adsorbed on the mineral surface and need additional 132 energy to be released. Since the presence of water interferes with the desorption of the molecules, 133 this would explain why the release of aromatics is stimulated at higher temperature and 134 suppressed at higher humidity (Figure 4 ). 135 136
Our observations show consistent patterns but also significant variability among the samples, 137 despite being part of the same shale. This may be because of the natural heterogeneity of the rock, 138 the technical difficulty of achieving consistent fracturing of the samples, the temperature 139 differences between the surface and the bulk of the samples and the variation in the natural 140 moisture content of the shale itself. 141 142
Our results give insight, for the first time, into the time-dependent release of NMHC from a shale 143 deemed suitable for "fracking". While methane and light alkanes constitute the main impetus 144 behind the commercial exploitation of shale, many NMHC are found in shale and released during 145 the "fracking" process: some of these may be of commercial interest if their retrieval can be made 146 economically viable. 147 work (see Table SI -1) have been taken into account. 252 253
